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Summary
Neuron-glia communication is central to all nervous
system responses to trauma, yet neural injury signal-
ing pathways remain poorly understood. Here we ex-
plore cellular and molecular aspects of neural injury
signaling in Drosophila. We show that transected Dro-
sophila axons undergo injury-induced degeneration
that is morphologically similar to Wallerian degenera-
tion in mammals and can be suppressed by the neuro-
protective mouse Wlds protein. Axonal injury elicits
potent morphological and molecular responses from
Drosophila glia: glia upregulate expression of the en-
gulfment receptor Draper, undergo dramatic changes
in morphology, and rapidly recruit cellular processes
toward severed axons. Indrapermutants, glia fail to re-
spond morphologically to axon injury, and severed
axons are not cleared from the CNS. Thus Draper ap-
pears to act as a glial receptor for severed axon-de-
rived molecular cues that drive recruitment of glial
processes to injured axons for engulfment.
Introduction
Mammalian glial cells are vigilant watchdogs of nervous
system health, continuously surveying neural tissues for
signs of trauma or infection. Impressively, glia can sense
and respond to neural insults ranging from ischemia
(Nedergaard and Dirnagl, 2005) to spinal cord injury (Sil-
ver and Miller, 2004) to neurodegenerative disease (Teis-
mann and Schulz, 2004). Nearly all neural injuries induce
a general response termed reactive gliosis—a process
whereby glia surrounding the site of injury exhibit dra-
matic changes in gene expression and morphology, in-
vade the injury site, and mediate postinjury events
such as clearance of degenerating neurites or dying
neurons.
Acute nerve transection serves as a useful model to
define glial responses to severed axons. For example,
lesioning the axons of dorsal root ganglion cells
(DRGs) that project into the dorsal region of the spinal
cord results in Wallerian degeneration of these afferents
and induces reactive gliosis in spinal cord astrocytes
and microglia (reviewed in Aldskogius and Kozlova,
1998). Within hours of axons being cut, astrocytes upre-
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3 These authors contributed equally to this work.gulate molecules such as glial fibrillary acidic protein
(Liu et al., 1998; Murray et al., 1990), become hypertro-
phic (Murray et al., 1990), and extend processes toward
injured axons (Bechmann and Nitsch, 1997; Kapadia
and LaMotte, 1987; LaMotte and Kapadia, 1987). Micro-
glia respond to severed axons by rapidly proliferating
(Liu et al., 1998), upregulating many inflammatory and
immune molecules (Aldskogius and Kozlova, 1998; Vil-
hardt, 2005), and migrating toward degenerating axons
to engulf degenerating axonal material (Aldskogius
and Kozlova, 1998; Bechmann and Nitsch, 1997; Pe-
tersen and Dailey, 2004). Such clearance of neuronal de-
bris from the CNS is important to suppress neurotoxicity
and promote functional recovery, but with respect to
CNS axon regrowth, it is unclear whether reactive gliosis
is more harmful or beneficial (Streit et al., 1999). For
example, reactive glia often fail to clear degenerating
myelin from the CNS, which results in the exposure of re-
growing axons to inhibitory factors found in CNS myelin
(e.g., MAG, Nogo; McGee and Strittmatter, 2003), and
reactive microglia promote inflammation which can
cause additional neuronal damage (Wyss-Coray and
Mucke, 2002).
Peripheral nerve axotomy also induces Wallerian de-
generation of axons distal to the injury site and elicits
potent responses from Schwann cells and peripheral
hematopoietic cells. Within days of PNS axons being
severed, ensheathing Schwann cells downregulate my-
elin genes and begin to proliferate (Gupta et al., 1988;
Muller and Stoll, 1998; Stoll and Muller, 1999; Trapp
et al., 1988). Macrophages, neutrophils, and T cells are
rapidly recruited to the injured nerve where they clear
degenerating axons and myelin (Hall, 2005; Perry et al.,
1987; Pittier et al., 2005). Myelin breakdown by macro-
phages is thought to cause release of a mitogen that
promotes Schwann cell proliferation (Liu et al., 1995),
and macrophage engulfment of debris results in clear-
ance of axon growth-inhibiting material from the periph-
eral nerve. Regrowing axons and Schwann cells interact
closely during axon regeneration in the PNS, with
Schwann cells presenting factors that promote neuronal
survival and axon regrowth (Curtis et al., 1994; Kurek
et al., 1996; Tham et al., 1997) and growing axons stim-
ulating Schwann cell differentiation (Muller and Stoll,
1998; Stoll and Muller, 1999).
Despite widespread observations that reactive gliosis
follows most neural traumas and plays a central role in
functional recovery, surprisingly little is known at the
molecular level regarding pathways mediating neuron-
glia communication after neural injury. Here we explore
cellular and molecular aspects of neural injury signaling
in Drosophila. We show that severed Drosophila axons
degenerate in a manner that is very similar to Wallerian
degeneration in mammals by morphological and molec-
ular criteria. We demonstrate that Drosophila glia, simi-
lar to their mammalian counterparts, are sensitive to
neuronal health and rapidly respond to axon injury
through the glial engulfment receptor Draper (Freeman
et al., 2003). Together, this work identifies a neuron-
glia injury signaling pathway and establishes Drosophila
Neuron
870Figure 1. Anatomy of the Drosophila Adult
Olfactory System
(A) Sagittal diagrammatic view of the olfac-
tory system. Adult flies have two pairs of
olfactory organs, the third antennal segments
(antenna) and the maxillary palps. Olfactory
receptor neuron (ORN) cell bodies are
housed in these peripheral organs and pro-
ject axons to the antennal lobe via the anten-
nal (an, blue), or maxillary nerve (mn, red),
respectively.
(B) Frontal diagrammatic view of the wiring of
the olfactory system. ORNs expressing the
same odorant receptor gene (blue) project ip-
silaterally to spatially discrete glomerular
structures in the antennal lobe and send an
axon branch via the antennal lobe commis-
sure (alc) to the corresponding contralateral
glomerulus. Projections from only a single
antenna are shown.
(C) OR22a+ ORN axons labeled in the UAS-
mCD8::GFP/+; OR22a-Gal4/+ background.
Morphology of single axon fibers at the
anterior surface of the antennal lobe can
be observed. These axons enter the anten-
nal lobe at a lateral position and project
medially across the antennal lobe to their
target glomerulus, which is positioned more
posteriorly and is not present in this confocal section (e.g., Figure 2A). The full area of the antennal lobes is denoted by dashed lines.
(D) Glial cell membranes labeled in a UAS-mCD8::GFP/+; repo-Gal4/+ background; glial nuclei labeled with anti-Repo (red). Glial membranes
(green) surround the antennal lobe (arrowheads) and extend into the lobe between glomeruli (arrows), while glial nuclei (red) are found at the
periphery of the antennal lobe.as an excellent model system in which to study neural
injury.
Results
TheDrosophilaOlfactory System as aModel to Study
Axon Degeneration and Glial Responses to Axon
Injury
We wished to determine whether severed Drosophila
axons undergo Wallerian degeneration and whether
Drosophila glia respond to axon injury. In this study we
used the adult olfactory system to study neuron-glia in-
teractions following nerve transection. This tissue is
well-defined histologically and a number of useful re-
agents are available to label and manipulate olfactory
receptor neurons (ORNs) and glia.
ORN cell bodies are housed in the third antennal seg-
ments or maxillary palps of adult Drosophila with axons
projecting to the antennal lobe of the brain via the anten-
nal or maxillary nerve, respectively (Figure 1A). Axon
projections from ORNs expressing the same odorant re-
ceptor (OR) gene converge on common, spatially dis-
crete glomerular targets in the antennal lobe (Vosshall
et al., 2000). Conveniently, these subsets of ORNs and
their axons can be labeled and genetically manipulated
using a number of available OR gene promoter-Gal4
driver lines (Dobritsa et al., 2003; Vosshall et al., 2000),
which drive UAS-regulated expression in highly repro-
ducible subsets of ORNs. Glial cells in the antennal
lobe can be identified based on their expression of the
reversed polarity (repo) gene (Campbell et al., 1994;
Xiong et al., 1994) and labeled or manipulated using
the repo-Gal4 driver. Glial cell nuclei were found at the
edge of the antennal lobe neuropil; glial membranes de-
lineate the boundaries of the antennal lobe and extendinto the neuropil where they ensheath individual glomer-
uli (Figure 1D; Jefferis et al., 2004; Jhaveri et al., 2000).
Axon injury was induced by nonlethal surgical ablation
of third antennal segments or maxillary palps. This abla-
tion completely removed ORN cell bodies and fully
transected the antennal or maxillary nerve, respectively.
Degeneration of severed ORN axons and glial responses
to axonal injury were monitored in vivo for several weeks
after injury. For the majority of the experiments de-
scribed below we used the OR22a-Gal4 driver (Dobritsa
et al., 2003) to label subsets of antennal ORNs orOR85e-
Gal4 (Goldman et al., 2005) to label subsets of maxillary
palp ORNs; however, similar results were obtained using
additional OR-Gal4 driver lines.
Wallerian Degeneration Occurs in Severed
Drosophila Axons
We first sought to determine the time course and mor-
phology of ORN axon degeneration after nerve transec-
tion. We used three markers to visualize axons: UAS-
mCD8::GFP (axonal membranes); UAS-a-tubulin::GFP
(axonal microtubule cytoskeleton); andUAS-n-Synapto-
brevin::YFP::YFP::YFP (UAS-n-Syb::3XYFP) (axon termi-
nals). In control uninjured animals, OR22a+ axons (la-
beled with mCD8::GFP) had a smooth morphology as
they projected across the antennal lobe, and GFP inten-
sity in glomeruli was very strong (Figure 2A). However, 1
day after ablation of third antennal segments, axon fibers
outside glomeruli appeared highly fragmented and were
undetectable at 3 or 5 days after injury (Figures 2A and
2B). GFP signals in the OR22a-innervated glomeruli
(termed DM2) remained near control levels 1 day after in-
jury and were reduced tow30% of control levels 3 days
after injury, and nearly all GFP+ material was cleared
from the CNS within 5 days (Figures 2A and 2B). A similar
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871Figure 2. Antennal Nerve Transection Rapidly Induces ORN Axon Degeneration
(A) Time course of axon degeneration of ORN axons in the antennal lobe. OR22a+ axon fibers labeled with the membrane marker mCD8::GFP
visualized at 0 (control), 1, 3, and 5 days after ablation of third antennal segments. Fragmentation of axon fibers first became obviousw4 hr after
injury (see Figure S1). 1 day after injury axon fibers were highly fragmented; 3 days after injury axon fibers were undetectable but GFP+ material
remained in DM2 glomeruli; 5 days after injury nearly all GFP+ material had been cleared from the antennal lobe.
(B) Quantification of axon clearance from the antennal lobe from (A).
(C) Time course of axon degeneration of ORN axons in the antennal lobe. OR22a+ axon fibers are labeled with the microtubule cytoskeleton
marker a-tubulin::GFP and axon degeneration was analyzed as in (A). a-tubulin::GFP-labeled axons showed a time course of degeneration sim-
ilar to that found with mCD8::GFP-labeled axons.
(D) Quantification of axon clearance from the antennal lobe from (C). Note the more precipitous decrease in a-tubulin::GFP found in DM2 glo-
meruli 1 day after injury when compared with mCD8::GFP levels at a similar time point.
Error bars = SEM.profile of axon removal was observed with a-tubu-
lin::GFP-labeled axons. We found that axonal fibers
were largely fragmented 1 day after injury and were ab-
sent by 3 days after injury (Figures 2C and 2D). Interest-
ingly, 1 day after injury, GFP signals within DM2 glomer-
uli were already reduced tow50% of control levels. This
observation suggests that the microtubule cytoskeleton
may degenerate more rapidly than axonal membranes.
GFP signals within DM2 glomeruli were near 15% of con-
trol levels; by 5 days after injury nearly all a-tub::GFP was
cleared from the CNS (Figures 2C and 2D). Finally, when
we marked OR22a+ axon terminals with n-Syb::3XYFP,
we found that clearance of YFP+ axonal material oc-
curred within 9 days after injury (see Figures S1A and
S1B in the Supplemental Data), consistent with previous
reports (Vosshall et al., 2000). Thus, axonal membranes
and the microtubule cytoskeleton rapidly degenerate
when Drosophila ORN axons are severed, clearance of
axonal material within the DM2 glomerulus (i.e., mem-
brane and cytoskeletal elements) was slightly delayed
relative to axons outside glomeruli, and nearly all degen-
erating GFP+/YFP+-labeled axonal material was cleared
from the antennal lobe within 5–9 days after axons were
severed. A similar time course and morphology of axonfragmentation was observed when we marked ORN
axons with the OR85e-Gal4 driver and ablated maxillary
palps (Figures S2 and S3).
Axon degeneration appears to occur simultaneously
in all portions of the severed axon rather than in a linear
fashion along the length of the axon. For example, max-
illary palp ORN axons in the maxillary nerve are closest
to the site of injury (i.e., the ablated maxillary palp), while
midline-crossing ORN axons within the antennal lobe
commissure are the most distal to the site of injury
(Figure 1B). We labeled OR85e+ maxillary palp ORNs
with mCD8::GFP, ablated maxillary palps, and found
that bright GFP+ puncta (indicative of fragmentation)
first appeared w4 hr after injury (Figure S2). This oc-
curred coincidently in the maxillary nerve and in midline
crossing axons, suggesting that axon fragmentation can
be initiated at any point along the axon. We also found
that axon destruction was specific to severed ORN
axons. For example, if we labeled OR85e+ maxillary
palp ORNs with mCD8::GFP and then ablated third
antennal segments, OR85e+ ORN axons showed normal
morphology even 9 days after injury (Figure S3). At
this time point all antennal ORN axons were removed
from the antennal lobe. Thus the cellular mechanisms
Neuron
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between healthy and injured neurons, which suggests
that severed axons are autonomously tagged for clear-
ance from the CNS.
Degeneration of Severed ORN Axons Is Suppressed
by Wlds or Nmnat
The above data show severed Drosophila axons un-
dergo injury-induced fragmentation that is morphologi-
cally similar to mammalian Wallerian degeneration.
How similar are these events at the molecular level?
Wallerian degeneration had long been thought to repre-
sent a simple wasting away of the severed axons due to
a lack of nutrients supplied by the cell body (Waller,
1850). However, when nerves are transected in the
spontaneous mutant mouse line C57BL/Wlds (for Wal-
lerian degeneration slow) severed axons survive in
a functionally competent state for weeks after injury
(Glass et al., 1993; Lunn et al., 1989). This observation
suggests that severed axons, rather than simply wasting
away, may use an active autodestruction program to
drive degeneration (Coleman and Perry, 2002; Raff
et al., 2002). Axon-sparing activity in the C57Bl/Wlds
line has recently been found to map to a novel chimeric
protein termed Wlds, which is generated from the fusion
of two genes: Ube4b, an E4 ubiquitin ligase, and
Nmnat1, a nicotinamide mononucleotide adenylyltrans-
ferase, a NAD+ biosynthetic and salvaging enzyme (Con-
forti et al., 2000; Mack et al., 2001). To determine
whether Wlds-modulated mechanisms regulate axon
degeneration in Drosophila, we assayed the ability of
mouse Wlds to protect severed Drosophila axons from
injury-induced degeneration.
We coexpressed UAS-Wlds and UAS-mCD8::GFP
in antennal ORNs using OR22a-Gal4, ablated third
antennal segments, and subsequently scored axon
morphology. Control animals (OR22a-Gal4 driving only
UAS-mCD8::GFP) exhibited a normal rate of axon de-
generation with all mCD8::GFP being absent by 5 days
after injury (Figure 3A). In striking contrast, Wlds+ axons
did not undergo Wallerian degeneration: animals bear-
ing a single copy of the UAS-Wlds transgene exhibited
normal mCD8::GFP fluorescence in severed ORN axons
5 days after injury, and Wlds+ axons maintained normal
morphology (Figure 3B). We further explored the neuro-
protective effects of Wlds by labeling axon terminals
(with n-Syb::3XYFP) and the axonal microtubule cyto-
skeleton (with a-tubulin::GFP) and inducing injury.
Impressively, in severed Wlds+ axons, n-Syb::3XYFP sig-
nals appeared morphologically normal and YFP inten-
sity remained at control levels, even 9 days after injury
(Figures S1A–S1D). Similarly, in Wlds+ axons a-tubu-
lin::GFP labeling appeared morphologically normal
5 days after injury, and GFP intensities in glomeruli re-
mained at levels comparable to uninjured animals (Fig-
ures S1E–S1G). Similar levels of protection of axons
and their terminals were found with an independent
UAS-Wlds insertion line.
How long can Wlds protect severed Drosophila
axons? We assayed severed axon morphology in
Wlds+ ORNs at 20, 30, and 50 days after injury. Remark-
ably, even 20 or 30 days after antennal ablation, Wlds+
ORN axons maintained largely normal morphology (Fig-
ures 3C and 3E), and GFP intensity within glomeruli re-mained close to control levels (Figure 3E). By 50 days af-
ter injury, the axons of Wlds+ neurons had degenerated
significantly (Figure 3D); only w20% of antennal lobes
contained detectable GFP+ axonal fibers, but mCD8::
GFP signals within glomeruli remained atw35% of con-
trol levels (Figure 3E). These observations indicate that
mouse Wlds can protect severed Drosophila axons from
Wallerian degeneration for weeks, but severed Dro-
sophila axons ultimately degenerate between 30–50
days after injury. We also note that these data show
that mCD8::GFP is stable in axons for up to 50 days in
the absence of transcription.
In vitro studies with mammalian DRG neurons suggest
that Nmnat1 provides the activity essential for Wlds-
mediated neuroprotection (Araki et al., 2004; Wang
et al., 2005). To determine whether Drosophila Nmnat
(dNmnat) could protect severed axons from Wallerian
degeneration in vivo, we generated a UAS-dNmnat
transgenic line, coexpressed dNmnat in OR22a+ ORNs
with mCD8::GFP, ablated third antennal segments,
and assayed axon morphology 5 days after injury. We
found that dNmnat also protected severed axons from
Wallerian degeneration 5 days after injury (Figures 3F
and 3G). The efficacy of protection may be reduced
compared to Wlds, since 5 days after injury axon
degeneration occurs at some level in dNmnat+, but not
Wlds+, axons. Nevertheless, these data argue that
Wlds-mediated axon protection in vivo occurs through
dNmnat-dependent mechanisms. Together these data
show that severed Drosophila axons undergo Wallerian
degeneration, and our observation that Wlds potently
suppressed this process in Drosophila argues strongly
that Wlds-modulated mechanisms of severed axon
autodestruction are conserved in Drosophila and
mammals.
DrosophilaGlia Rapidly Respond toORNAxon Injury
Glial cells are responsible for mediating postinjury
events in the mammalian nervous system, but glial re-
sponses to injury have not been explored in Drosophila.
Here we explore morphological and molecular re-
sponses of Drosophila antennal lobe glia to axon injury.
In control, uninjured animals, glial membranes were
found to delineate the borders of the antennal lobe
and were intimately associated with antennal lobe glo-
meruli (Figure 4A). However, 1 day after antennal abla-
tion, glia exhibited dramatic changes in morphology
and appeared to significantly increase their membrane
surface area (Figures 4B and 4C). This expansion of glial
membranes appeared to be a local response since
antennal lobe glia, but not glia in surrounding brain
regions, responded to ablation of third antennal seg-
ments in this way. During this injury response glial nuclei
consistently remained at the periphery of the antennal
lobe, indicating that glia responded to ORN injury by
extending membranes toward severed axons rather
than by migrating as an entire cell into the antennal
lobe.
Mammalian microglia and Schwann cells, but not as-
trocytes, normally proliferate in response to neuronal in-
jury; we therefore assayed Drosophila glia for injury-in-
duced proliferative events. We ablated third antennal
segments, costained adult brains with anti-Repo anti-
bodies and the mitotic marker anti-phosphohistone H3
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873Figure 3. ORN Axon Degeneration in Drosophila Is Blocked by Neuronal Expression of Mouse Wlds
(A) Control animals (UAS-mCD8::GFP/+; OR22a-Gal4/+) showed very little GFP signal 5 days after ablation of third antennal segments. In all
panels images represent projected Z series to show GFP+ axon morphology throughout the antennal lobe.
(B) Axons were visualized in aUAS-mCD8::GFP/+; OR22a-Gal4/UAS-Wlds background (B–E). Wlds-expressing axons appear normal in morphol-
ogy even 5 days after injury. (C) Axon morphology appeared largely normal 20 days after injury in Wlds-expressing neurons, and axon morphol-
ogy remains largely intact (inset). (D) Fifty days after injury GFP+ ORN axonal material remained in glomeruli, but axon fibers have largely degen-
erated. (E) Quantification of axon clearance from control and Wlds-expressing animals.
(F) Expression of Drosophila Nmnat (dNmnat) in OR22a+ axons (UAS-mCD8::GFP/+; OR22a-Gal4/UAS-dNmnat) leads to normal morphology of
axons 5 days after injury.
(G) Quantification of axon clearance from injured control and Nmnat-expressing animals.
Error bars = SEM.(PHH3), and assayed for Repo+/PHH3+ cells at 1, 3, 5, 7,
and 9 days after ORN injury. We found no examples of
mitotic glia at any of these time points after ORN injury,
no gross increase in glial numbers surrounding the an-
tennal lobe, nor evidence for proliferation in any other
cell types in the brain after injury at these time points
(Figure S4). We also assayed peripheral glial responses
along the antennal nerve. In response to antennal abla-
tion these peripheral glia do not proliferate, and we ob-
serve no gross changes in glial numbers along the an-
tennal nerve (Figure S4).
To gain insight into how Drosophila glia might be re-
sponding to severed axons at the molecular level, we
screened a collection of embryonically expressed glialgenes (Freeman et al., 2003) for those specifically en-
riched in antennal lobe glia 1 day after antennal ablation
(J. Doherty, M.G.B., and M.R.F., unpublished data).
Among these candidates we identified draper, the Dro-
sophila ortholog of the C. elegans cell corpse engulf-
ment gene ced-1 (Zhou et al., 2001), which we have pre-
viously shown to be required for glial engulfment of
apoptotic neuronal cell corpses during embryonic de-
velopment (Freeman et al., 2003). Such an engulfment
receptor is an excellent candidate for driving glial re-
moval of severed axons, though it would be somewhat
surprising in light of the fact that CED-1/Draper is
thought to play a role in the recognition of cell corpses,
and severed axons degenerate via mechanisms that are
Neuron
874Figure 4. Drosophila Glia Respond Molecu-
larly and Morphologically to Axon Injury
(A) Glial membrane morphology in control, un-
injured animals. Glial membranes were
visualized in a UAS-mCD8::GFP/+; repo-
Gal4/+ background. Glial nuclei were labeled
with anti-Repo (red) in (A–D). Glial membranes
were detectable at low levels around nearly all
antennal lobe glomeruli. (B) One day after ab-
lation of third antennal segments, antennal
lobe glia dramatically increase their surface
area in the antennal lobe (arrow) while glia in
other brain lobes, such as those surrounding
the g lobes of the mushroom bodies, showed
no change in morphology (arrowhead). (C)
Quantification of increases in glial mem-
branes labeled with mCD8::GFP. Pixel inten-
sity was measured in a standardized position
in the dorsal region of the antennal lobe (e.g.,
box in [A] and [B]). p = 0.013. (D) Draper (green)
was found to be expressed on glial mem-
branes throughout the adult nervous system.
(E) One day after ablation of third antennal
segments, antennal lobe glia showed dramat-
ically increased Draper levels (arrow). Glia in
other brain regions did not upregulate Draper
after antennal injury (arrowhead).
(F) Quantification of increases in Draper im-
munoreactivity in antennal lobe glia after in-
jury. Pixel intensity was measured as in (C)
(e.g., box in [D] and [E]). p = 0.02.
Error bars = SEM.molecularly distinct from apoptosis (see Discussion;
Raff et al., 2002).
Using an antibody specific to Draper we found that
Draper is expressed in all Repo+ adult brain glia, includ-
ing antennal lobe glia (Figure 4D). Interestingly, 1 day af-
ter ablation of third antennal segments we observe a dra-
matic increase in Draper immunoreactivity in antennal
lobe glia (Figures 4E and 4F). Similar to the expansion
of antennal lobe glial membranes after antennal abla-
tion, increased glial Draper was found to be a local re-
sponse to injury as only antennal lobe glia exhibited in-
creased Draper after antennal ORN injury. All observed
staining represents glial expression of Draper: anti-
Draper immunoreactivity was absent in drprD5 null mu-
tants, and glial specific knockdown of draper mRNA by
dsRNAi removes all detectable Draper immunoreactivity
in adult brains even after antennal ablation (Figure S5).
Together these data indicate that Drosophila glia rapidly
respond to ORN axon injury with changes in morphology
and Draper protein levels. Below we explore in more de-
tail how glial membranes specifically interact with sev-
ered axons and show that the Draper receptor is essen-
tial for all glia responses to ORN axon injury.
Draper and Glial Membranes Are Recruited
Specifically to Severed Axons
The third antennal segments each house w600 ORNs,
and their ablation severs axons that project to w44/50
antennal lobe glomeruli. Such ablations resulted in a ro-
bust upregulation of Draper and a dramatic expansion of
antennal lobe glial membranes, but precisely how anten-
nal lobe glia were interacting with severed axons under
this conditions was unclear. For example, were glial
membranes invading the antennal lobe and extending
specifically toward severed axons? To explore glialmembrane dynamics after ORN axon injury with higher
resolution we used a second ORN injury assay: maxillary
palp ablation. The maxillary palp houses onlyw60 ORNs
(Singh and Nayak, 1985) which collectively innervatew6
glomeruli, all positioned in the ventro-medial region of
the antennal lobe (Couto et al., 2005; Fishilevich and
Vosshall, 2005). Ablation of maxillary palps should there-
fore result in the injury of only this small subset of ORNs.
If glial processes are recruited to severed ORNs, we
predicted that glial Draper and membranes would be
specifically targeted to this subset of maxillary palp-
innervated antennal lobe glomeruli after maxillary palp
ablation.
Prior to injury Draper immunoreactivity was only
weakly detectable within antennal lobe glomeruli and
along the length of the maxillary nerve (Figure 5A). How-
ever, 1 day after maxillary palp ablation, Draper immu-
noreactivity was found at high levels inw6 ventro-medi-
ally positioned antennal lobe glomeruli—one of these
was positively identified as maxillary palp-innervated
with the OR85e-Gal4 driver—and along the entire length
of the maxillary nerve that was visible in our prepara-
tions (Figures 5B–5E; Figure S6). Draper localization to
severed axons was observed beginning as early as
4 hr after maxillary palp ablation, colocalizing coinci-
dently with the appearance of GFP+ puncta from degen-
erating axons (Figure S2), and Draper levels on severed
axons appeared to be strongest between 12 hr and
1 day after injury (e.g., Figures S2 and S6). Draper pro-
tein was maintained at elevated levels on all injured
axonal elements while they were still detectable (by
GFP signals) and returned to control levels after axons
had been cleared from the CNS. Interestingly, maxillary
palp ablation did not lead to a dramatic upregulation of
Draper protein in all antennal lobe glia (e.g., Figure 5B)
Glial Draper Engulfs Severed Axons
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Specifically Recruited to Severed Axons
(A) Draper protein levels (red) were low or un-
detectable in antennal lobe glomeruli (ant
lobe) and along the maxillary nerve (max
nerve). OR85e+ ORN axons were labeled in
(A)–(D) in an UAS-mCD8::GFP/+; OR85e-
Gal4/+ background. Single confocal sections
are shown for all images.
(B) Ablation of the maxillary palp led to a spe-
cific increase in Draper protein in maxillary
palp-innervated glomeruli (arrow and arrow-
head) and along the maxillary nerve 1 day af-
ter injury. Note the colocalization of GFP and
Draper (red) in the GFP-marked OR85e+
ORN-innervated glomerulus (arrow), and the
presence of Draper on one other maxillary
palp-innervated glomerulus present in this
confocal section (arrowhead). Approximately
six ventro-medially positioned glomeruli
throughout the antennal lobe (not present in
this confocal section) showed high-level
Draper immunoreactivity. The entire length
of the maxillary nerve that we could visualize
in our preparations was decorated with
Draper (see also Figure S6).
(C) High-resolution image of the GFP-marked
OR85e+ ORN-innervated glomerulus (green)
and Draper (red). Note that Draper immunore-
activity colocalized throughout this glomeru-
lus, but is absent from surrounding (unin-
jured) glomeruli.
(D) Quantification of increases in Draper im-
munoreactivity on the OR85e+ ORN-inner-
vated glomerulus 1 day after injury. p < 0.001.
(E) Quantification of changes in Draper immunoreactivity on the maxillary nerve 1 day after maxillary palp ablation. p < 0.01.
(F) Glial membranes (labeled in aUAS-GFP.S65T.T2/+; repo-Gal4/+ background) were specifically enriched on a subset of antennal lobe glomer-
uli 1 day after ablation of the maxillary palp. One such glomerulus is shown (arrows). These GFP+ glomeruli perfectly overlapped with glomeruli
that were decorated with Draper+ immediately after injury. Maxillary palp ablation also resulted in strong localization of glial membranes to the
maxillary nerve, which houses the severed maxillary palp ORN axons. Genotype in: UAS-GFP.S65T.T2/+; repo-Gal4/+.
Error bars = SEM.as was seen after ablation of the third antennal seg-
ment (e.g., Figure 4E). Thus, injuring a smaller number
of ORN axons through maxillary palp ablation leads to
a qualitatively different response by glia in the antennal
lobe.
Glial membranes showed a similar pattern of rapid
and specific localization to severed maxillary palp
ORN axons after injury. Prior to injury GFP-labeled glial
membranes were detectable at low levels around (but
not within) glomeruli and at low levels along the maxillary
nerve. However, 1 day after ablation of maxillary palps,
we found glial membranes enriched within w6 ventro-
medially positioned antennal lobe glomeruli and along
the entire maxillary nerve (Figure 5F). Glial membrane-
decorated glomeruli perfectly overlapped with those
showing high-level Draper immunoreactivity (Figure 5F)
and presumably represent glomeruli housing severed
maxillary palp ORN axons.
In summary, glial-expressed Draper and glial mem-
branes were rapidly and specifically recruited to severed
ORN axons; their localization was coincident with the
initiation of severed axon fragmentation; and Draper
protein remained associated with degenerating axons
until they were cleared from the CNS. These data further
demonstrate that severed Drosophila axons generate
molecular cues that elicit potent responses from glia
and that these neuron/glia injury signals are sufficientto drive the selective recruitment of glial processes to
severed axons.
Draper Is Required for Glial Morphological
Responses to ORN Injury and Clearance
of Degenerating Axons
In C. elegans, CED-1 has been shown to be essential for
the engulfment of cell corpses and is believed to act as
a recognition receptor for molecular cues presented by
corpses (Zhou et al., 2001). Additional cellular targets for
CED-1 have not been identified. Here we show that
Draper is required to drive injury-induced changes in
glial morphology and for glial clearance of severed
axons from the CNS.
We first determined the requirements for draper in
glial morphological responses to antennal ORN injury.
As described above, in control animals 1 day after an-
tennal ablation we observed a widespread expansion
of antennal lobe glial membranes (Figure 6A). In con-
trast, when third antennal segments were ablated in
drprD5 mutants, antennal lobe glia showed no notice-
able changes in morphology or GFP intensity (Figures
6B and 6C). We note that antennal lobe morphology
was grossly normal in drprD5 mutants: ORN axons pro-
jected to the correct glomeruli, glomeruli appeared
well-defined morphologically (Figure 6H), and glial mem-
brane processes were found in their normal positions
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(A) Control animals showed a dramatic expansion of antennal lobe glial membranes 1 day after ablation of third antennal segments. In (A)–(F),
glial membranes were visualized in a UAS-GFP.S65T.T2/+; repo-Gal4/+ genetic background. (B) Antennal lobe glial membranes fail to expand 1
day after injury in drprD5 null mutants. Genotype:UAS- GFP.S65T.T2/+; repo-Gal4, drprD5/drprD5. (C) Quantification of glial membrane expansion
in control and drprD5 mutants before and after antennal ablation. GFP intensity was quantified as in Figure 4. (D) In control animals 1 day after
maxillary palp ablation, glial membranes are specifically recruited to maxillary palp-innervated antennal lobe glomeruli (arrows) and glial mem-
branes are highly enriched on the maxillary nerve (inset). (E) Antennal lobe glial membranes are not enriched 1 day after maxillary palp ablation on
maxillary palp-innervated antennal lobe glomeruli or on the maxillary nerve in drprD5 null mutants. The entire antennal lobe was assayed in all
animals; a single confocal section that approximates the position of maxillary palp-innervated glomeruli is shown. (F) Quantification of glial
GFP levels on the maxillary nerve in control and drprD5 mutants before and after injury. Maxillary nerves were used for quantification of glial mem-
brane movement to severed axons because they are uniquely identifiable in this genetic background while individual glomeruli are not labeled.
GFP intensity was quantified as in Figure 5.
(G) In control animals where OR22a+ ORN axons were labeled with mCD8::GFP (UAS-mCD8::GFP/+; OR22a-Gal4/+), third antennal segments
were ablated, and axon morphology was scored 5 days later. Axonal material has been efficiently cleared from the antennal lobe by this time
point.
(H) OR22a+ ORN axons were labeled with mCD8::GFP in a draper null background (UAS-mCD8::GFP/+; OR22a-Gal4, drprD5/drprD5), third an-
tennal segments were ablated, and axon morphology was scored 5 days later. Severed axon material is not cleared from the CNS in the absence
of Draper function. Axon fragmentation occurs normally in the absence of draper function and as early as 5 hr after injury (inset).
(I) Quantification of axon clearance from the CNS in control animals and drprD5 mutants.
Error bars = SEM.ensheathing antennal lobe glomeruli (Figures 6B and
6E). Together these data indicate that Draper is not
required for antennal lobe development, but that glial
morphological responses to antennal ORN axon injury
require Draper signaling.
We next ablated maxillary palps and assayed glial
recruitment to the severed maxillary palp ORN axons.
As observed previously, in control animals glial mem-
branes were found to be highly enriched in maxillary
palp-innervated glomeruli and on the maxillary nerve
1 day after injury (Figure 6D). However, these responses
were blocked in drprD5 mutants: glial processes did not
accumulate in glomeruli housing severed maxillary palp
ORN axons (Figure 6E), nor were they recruited at high
levels to the maxillary nerve (Figures 6E and 6F). We fur-
ther assayed the autonomy of Draper function by glial-
specific RNAi knockdown of Draper. We found that
blocking Draper function in glia also fully suppressed
glial responses to antennal or maxillary palp ablation(data not shown), consistent with a requirement for
Draper in glia. Thus all morphological changes exhibited
by glia after injury (i.e., membrane expansion and pro-
cess extension toward severed axons) require Draper
signaling. These observations suggest that Draper
may act as a glial receptor for severed axon-derived
cues that drive glial responses to axon injury.
CED-1/Draper encodes a receptor essential for en-
gulfment of cell corpses in both C. elegans (Zhou
et al., 2001) and Drosophila (Freeman et al., 2003). Is
Draper required for glial clearance of degenerating
axons from the CNS? To test this we marked the
OR22a+ subset of antennal ORN axons in the drprD5
null mutant background with mCD8::GFP and assayed
removal of injured axons. In control animals severed
ORN axons outside glomeruli were cleared from the
CNS by 3 days after injury (20/20 antennal lobes), and
GFP+ axonal material was cleared from the CNS within
5 days (Figures 6G and 6I). In striking contrast, the
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Glial Responses to Severed Axons
(A–C) Wlds expression was driven specifically
in OR85e+ ORNs and axon terminals (green)
were labeled with n-Syb::3XYFP (UAS-
nSyb::3XYFP, UAS-Wlds/+; OR85e-Gal4/+).
Maxillary palps were ablated and Draper lo-
calization (red) was assayed 1 day after injury.
OR85e+ axon terminals coexpressing Wlds
and n-Syb::3XYFP are not decorated with
Draper protein, while adjacent glomeruli con-
taining severed maxillary palp ORN axons
showed robust Draper immunoreactivity.
(D) Quantification of Draper levels in glomeruli
housing control uninjured axons, wild-type
injured axons, or Wlds-expressing injured
axons. For injured versus Wlds+ injured,
p < 0.00001.
(E–G) The ability of dNmnat to suppress glial
recruitment to severed axons was assayed
as in (A–C). OR85e+ axon terminals coex-
pressing dNmnat and n-Syb::3XYFP were
weakly decorated with Draper protein, while
adjacent glomeruli containing severed maxil-
lary palp ORN axons showed robust Draper
immunoreactivity. Therefore, dNmnat is not
as efficient at suppressing glial responses
to severed axons as Wlds.
(H) Quantification of Draper levels in glomeruli
housing control uninjured axons, wild-type
injured axons, or dNmnat-expressing injured
axons. For injured versus dNmnat+ inured,
p < 0.003.
Error bars = SEM.majority of axonal debris lingered in the CNS of drprD5
mutants after ablation of the third antennal segments.
For example, 3 days after injury there was an abundance
of GFP-labeled OR22a+ axon fibers remaining in the an-
tennal lobe (20/20 antennal lobes). Similarly, 5 days after
injury in drprD5 mutants, w65% of antennal lobes
retained GFP+ axonal fibers and GFP levels in DM2 glo-
meruli remained at levels comparable to control unin-
jured animals (Figures 6H and 6I). Severed axon frag-
mentation was not blocked in drprD5 mutants. Severed
axons showed signs of fragmentation as early as 5 hr af-
ter injury in drprD5 mutants—this approximates the ear-
liest time points at which axons fragmented in control
animals—and axon fibers were highly fragmented in
these animals 3 and 5 days after injury (e.g., Figure 6H).
These data indicate that Draper is essential for glial
clearance of degenerating axons from the Drosophila
CNS, and axons thus represent a new engulfment target
for this receptor. Our observations also indicate that
severed axons actively communicate with glia (via
Draper) to promote their clearance from the CNS.
Glial Responses to Severed Axons Are Suppressed
by Wlds and dNmnat
Draper becomes localized to severed axonsw4 hr after
injury, coincident with the initiation of axon fragmenta-
tion. Is axon degeneration essential to recruit glialprocesses in Drosophila? We used mouse Wlds and
dNmnat as tools to block ORN axon degeneration and
assayed glial responses to these severed, but nonde-
generating, axons. We coexpressed UAS-Wlds or UAS-
dNmnat with UAS-n-Syb::3XYFP in OR85e+ maxillary
palp ORNs, ablated maxillary palps, and subsequently
assayed Draper localization to severed axons. Interest-
ingly, while Draper was detected at high levels 1 day
after maxillary palp ablation in 5/6 maxillary palp ORN-
innervated glomeruli, Wlds-expressing axons showed
control levels of Draper immunoreactivity (Figures 7A–
7D). Thus Wlds expression is sufficient to potently sup-
press glial recruitment to severed axons. dNmnat was
also found to suppress glial recruitment to severed
axons (Figures 7E–7H), though, as was found in our sev-
ered axon protection experiments, dNmnat was not as
efficient at suppressing glial recruitment to severed
axons. Nevertheless, this observation suggests that
dNmnat activity is an important requirement for Wlds
to block glial responses to severed axons. Together
these data indicate that production of the molecular
cues in severed axons that elicit glial responses is ge-
netically downstream of Wlds and are consistent with
axon fragmentation being essential for robust glial re-
sponses to injury. In addition, our results indicate that
Wlds acts in a cell-autonomous fashion in Drosophila,
as the recruitment of glial processes to severed axons
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878is suppressed in Wlds-expressing axons but not in adja-
cent wild-type injured axons.
Discussion
In this study we explored molecular and cellular mecha-
nisms of acute nerve injury in Drosophila. We have
shown that in Drosophila severed axons undergo
Wlds-modulated Wallerian degeneration, that glia ex-
hibit robust morphological and molecular responses to
axon injury, and that severed axons actively communi-
cate with glia via CED-1/Draper signaling to drive clear-
ance of axonal debris from the mature nervous system.
This work establishes Drosophila as a valuable model
for studies of neural injury signaling.
SeveredDrosophilaAxons UndergoWlds-Modulated
Wallerian Degeneration
In mammals, Wallerian degeneration is suppressed for
weeks by neuronal expression of Wlds (Conforti et al.,
2000; Mack et al., 2001). Here we have shown that
mouse Wlds can also block Wallerian degeneration in
Drosophila for at least 30 days. In an accompanying
manuscript, Hoopfer and colleagues (Hoopfer et al.,
2006, this issue of Neuron) confirm the neuroprotective
effects of Wlds in Drosophila ORNs and show by elec-
tron microscopy that, even at the ultrastructural level,
severed Wlds-expressing axons remain morphologi-
cally intact 1 day after injury. This robust protection of
severed Drosophila axons by Wlds indicates that molec-
ular pathways driving Wallerian degeneration are con-
served in Drosophila and mammals. If severed axon au-
todestruction is in fact driven by an active molecular
program, as has been proposed based on studies of
Wlds (Coleman, 2005; Coleman and Perry, 2002), our re-
sults indicate these pathways are conserved in Dro-
sophila and that such axon autodestructive mecha-
nisms are an ancient feature of neuronal cell types.
The mechanism by which Wlds exerts its neuroprotec-
tive effects remains unclear. One model proposes that
Wlds acts prior to injury in the nucleus through the
NAD binding histone deacetylase Sirt1 to effect neuro-
protective changes in gene expression (Araki et al.,
2004). In contrast, a second model proposes that Wlds
acts locally in axons after injury to maintain high NAD
levels which ultimately block axonal degeneration
(Wang et al., 2005). Although transfection of Nmnat1
into DRG explant cultures indeed suppressed Wallerian
degeneration in vitro (Araki et al., 2004; Wang et al.,
2005), it was not known whether Nmnat1 could protect
severed axons in vivo. We have shown that dNmnat
can suppress severed axon autodestruction in Dro-
sophila; however, dNmnat appears less efficient than
Wlds in protecting axons (e.g., Figure 3) and suppressing
glial responses to axon injury (e.g., Figure 7). Our results
therefore support the notion that Nmnat activity is an
important component of Wlds neuroprotective function
in vivo, but indicate that Wlds somehow provides more
effective neuroprotection than dNmnat.
Glial responses to axon injury are also regulated by
Wlds. We have shown that neuronal expression of
Wlds can cell-autonomously block the recruitment of
glial membranes to severed axons after injury. Similarly,
reactive gliosis after spinal cord injury has been shownto be potently suppressed in the C57Bl/Wlds line (Fujiki
et al., 1996). Together these data are consistent with
the notion that axon fragmentation is required for glia
to sense axon injury, and they indicate that neuron/
glia injury signals that activate glial responses to sev-
ered axons are genetically downstream of Wlds.
Drosophila Glia Respond to Axonal Injury and Clear
Degenerating Debris from the CNS
Mammalian glia rapidly respond to neuronal damage
and manage postinjury events in the nervous system,
but glial responses to injury have not been reported in in-
vertebrate model organisms. In this study we have used
two simple approaches to assay glial responses to axon
injury—antennal and maxillary palp ablations—and have
shown thatDrosophila glia can also detect axonal injury.
Within hours after axonal transection, glial populations
surrounding severed axons upregulate Draper, expand
their membrane surface area, recruit membranes specif-
ically toward severed axons, and subsequently engulf
degenerating axonal debris. These glial injury responses
in Drosophila bear striking resemblance to the cellular
mechanisms of reactive gliosis in mammals (see Intro-
duction).
Based on our maxillary palp ablation experiments, it is
clear thatDrosophila glial processes show extraordinary
specificity in their recruitment to severed axons. What is
the nature of this neuron/glia injury signal that medi-
ates this recruitment? We believe it acts over a relatively
short range, is nondiffusible, and autonomously marks
severed axons. First, only antennal lobe glia respond
to antennal ORN axon injury with upregulated Draper
and changes in morphology; glia in other brain regions
distant from severed ORNs do not. If the neuron/glia
injury signal were diffusible over a long range, we would
expect to see glia outside the antennal lobe responding
to axon injury. Second, glial-expressed Draper and glial
membrane processes become enriched specifically on
severed axons and not in immediately surrounding glo-
meruli housing uninjured axons, suggesting that sev-
ered axons are autonomously tagged for engulfment.
Third, suppressing axon degeneration in OR85e+ axons
with expression of Wlds blocks glial recruitment to these
severed axons but not to adjacent severed wild-type
axons, arguing for a cell-autonomous protection of these
severed axons. Finally, only severed axons are cleared
from the CNS after ORN injury while uninjured axons re-
main morphologically intact after glial-dependent clear-
ance of degenerating axons. Together these data argue
strongly for the presence of a highly precise neuron-glia
signaling cascade in which severed axons are autono-
mously labeled for recognition by engulfing glia.
Antennal and maxillary palp ablations serve as useful
assays for glial responses to ‘‘traumatic’’ or ‘‘minor’’ in-
juries to the antennal lobe, respectively. Antennal abla-
tions severw1200 neurons that project axons tow88%
of glomeruli, and such ablations result in a dramatic ex-
pansion of glial membranes and increased Draper
throughout the antennal lobe. Perhaps to clear this large
number of severed ORN axons in a timely fashion, glia
need to upregulate engulfment genes and the majority
of antennal lobe glia must participate in the clearance
of degenerating axons. In contrast, maxillary palp abla-
tions sever w120 neurons that project to only w12%
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879of glomeruli. Such injuries do not result in detectable
Draper upregulation or changes in the morphology of
the majority of antennal lobe glia, but glial membranes
are rapidly recruited to severed ORN axons. Presumably,
basal levels of Draper are sufficient to drive these glial
responses and the clearance of this small number of
severed axons from the CNS. These observations sug-
gest that Drosophila glia, as is the case with mammalian
glia, can gauge the severity of the neural injury and
respond accordingly to perform engulfment functions.
The Draper Signaling Pathway Mediates Glial
Responses to Axon Injury
We have shown that Draper is a central component of
the neuron-glia injury signaling machinery. In draper
mutants, antennal lobe glia fail to expand membranes
after antennal ablation, glia are not recruited to severed
axons, and severed axons are not cleared from the CNS.
Thus, in the absence of Draper, glial cells are unable to
respond to axonal injury. In two companion manu-
scripts, Awasaki and colleagues and Hoopfer and col-
leagues show that requirements for Draper also extend
to glial engulfment of developmentally pruned mush-
room body g neurons (Awasaki et al., 2006, this issue
of Neuron; Hoopfer et al., 2006). Therefore, all known
glial-mediated engulfment events in Drosophila appear
to require Draper.
How do glia recognize engulfment targets? CED-1/
Draper has previously been shown to be essential for
the engulfment of cell corpses in C. elegans (Zhou
et al., 2001) and Drosophila (Freeman et al., 2003), and
it is thought to function directly in cell corpse recognition
(Zhou et al., 2001). For example, if the intracellular do-
main of CED-1 is replaced with GFP, this CED-1::GFP fu-
sion protein clusters around cell corpses. The intracellu-
lar domain therefore appears to be dispensable for
corpse-specific localization of the CED-1 receptor, and
the extracellular domain of this receptor likely binds
cell corpses directly (Zhou et al., 2001). We propose
that Draper acts as a glial receptor for severed axon-de-
rived molecular cues, and that a Draper ligand encodes
a neuron/glia injury signal that drives glial responses
to axon injury.
The ligand on cell corpses recognized by CED-1 re-
mains to be identified, but is thought to encode the
‘‘eat-me’’ signal that initiates engulfment. Do severed
axons, developmentally pruned axons, and cell corpses
present similar molecular cues for engulfment? This may
indeed be the case since CED-1/Draper is required for
the clearance of each of these engulfment targets. How-
ever, Wallerian degeneration, developmental axon prun-
ing, and apoptotic cell death are clearly distinct at the
molecular level. For example, Wlds expression in neu-
rons does not block apoptosis in neuronal cell bodies
(Deckwerth and Johnson, 1994), nor the developmental
pruning of Drosophila mushroom body g neurons
(Hoopfer et al., 2006). Reciprocally, inhibition of canoni-
cal cell death pathways is not sufficient to block Waller-
ian degeneration (Finn et al., 2000; Whitmore et al.,
2003). Nevertheless, it is possible that Wallerian degen-
eration, developmental axon pruning, and apoptotic cell
death, though promoted by different molecular mecha-
nisms, lead to the production of the same engulfment
cue that acts as a ligand for CED-1/Draper.Degenerating axons and cell corpses could also gen-
erate distinct engulfment cues that are each recognized
by CED-1/Draper. One model would be that CED-1/
Draper would not discriminate these targets, but only
drive their nonspecific engulfment. Alternatively, distinct
Draper receptor isoforms might recognize specific li-
gands presented by a cell corpse or a severed axon
and potentially play an important role in discriminating
these engulfment targets. Intriguingly, at least two iso-
forms of Draper have been identified in Drosophila that
vary significantly in their extracellular domains (Freeman
et al., 2003); perhaps these bind distinct ligands on
engulfment targets in vivo. Future studies aimed at de-
fining the functional requirements of specific Draper re-
ceptor isoforms in the engulfment of cell corpses, devel-
opmentally pruned axons, and severed axons, as well as
studies aimed at identifying the CED-1/Draper ligand(s)
presented by these engulfment targets, should help
resolve these issues.
Is the CED-1/Draper pathway important in mammalian
reactive gliosis? There are at least two candidate ortho-
logs in mammals, MEGF10 and MEGF11 (Nagase et al.,
2001), and the one known downstream signaling com-
ponent in the CED-1/Draper pathway, Ced-6, is indeed
present in higher organisms (Su et al., 2002). There is
currently no functional data regarding in vivo roles in en-
gulfment for these genes, but based on our findings with
Draper, MEGF10/MEGF11 are now excellent candidates
for mediating mammalian glial recognition of degenerat-
ing axons in the nervous system.
Experimental Procedures
Drosophila Stocks, Transgenics, and Injury Protocol
The following Drosophila strains were used in this study: OR22a-
Gal4 (Dobritsa et al., 2003) andOR85e-Gal4 (J. Carlson, New Haven),
repo-Gal4, pUAST-n-Synaptobrevin::YFP::YFP::YFP (UAS-nSyb::
3XYFP; M. Rolls, Eugene), pUAST-mCD8::GFP, pUAS-GFP.S65T-T2
(B. Dickson, Vienna), and pUAST-a-tubulin::GFP (Grieder et al.,
2000). The drprD5 null allele (Freeman et al., 2003) was found to
have an unlinked lethal mutation which was removed by standard
mitotic recombination over a wild-type chromosome. Animals bear-
ing this version of drprD5 survive to adult stages.
The pUAST-draper-RNAi construct targets all identified draper
splice variants (Freeman et al., 2003). This 502 bp fragment (nt posi-
tions 1885–2386 from GH24127) was amplified and subcloned into
the pWiz vector in a 50/30 orientation using the NheI and XbaI sites
to generate pWiz-draper-RNAi-A. The same draper cDNA fragment
was subsequently subcloned in a 30/50 orientation into the EcoRI
and XhoI sites in pWiz-draper-RNAi-A to generate pUAST-draper-
RNAi. The pUAST-Wlds transgene (L. Luo, Stanford) contains the
entire Wlds open reading frame. The pUAST-Myc::dNmnat trans-
gene was generated by fusing six tandem Myc tags to the amino-
terminal portion of Drosophila Nmnat (CG13645), beginning at
nucleotide position 112 in the AT23490 cDNA.
We induced antennal injury using a previously described protocol
(Vosshall et al., 2000). In all experiments we ablated both third anten-
nal segments or both maxillary palps.
Immunolabeling and Confocal Microscopy
Standard methods were used for dissection, fixation, and antibody
labeling of the adult Drosophila brain (Vosshall et al., 2000). Primary
antibodies were used at the following dilutions: mouse anti-Repo,
1:10; rabbit anti-Draper (Freeman et al., 2003), 1:500; and rabbit
anti-PHH3 (Upstate Labs, Syracuse, NY), 1:1000. Secondary anti-
bodies (Jackson Immunoresearch) used for immunofluorescence
were used at 1:250, samples were mounted in BioRad antifade re-
agent, and viewed on a Zeiss LSM5 Pascal confocal microscope.
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880For all experiments the entire antennal lobe was imaged in 1–2 mm
steps and scored for relevant phenotypes.
In experiments where GFP, YFP, or Draper intensity in different
genetic backgrounds was quantified, we used standardized confo-
cal settings within each series of experiments and quantification
was performed on single Z sections in either the center of the rele-
vant glomerulus, at the same position of the maxillary nerve, or at
the same dorsal position at the edge of the antennal lobe. Pixel in-
tensity was quantified using ImageJ software (http://rsb.info.nih.
gov/ij/), and in all figures error bars represent the standard error of
the mean. n = 10–43 antennal lobes scored for all experiments.
Supplemental Data
The Supplemental Data for this article can be found online at http://
www.neuron.org/cgi/content/full/50/6/869/DC1/.
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